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Small heat shock proteins (sHsps) play a role in pre-
venting the fatal aggregation of denatured proteins
in the presenceof stresses. The sHsps exist asmono-
disperse oligomers in their resting state. Because
the hydrophobic N-terminal regions of sHsps are
possible interaction sites for denatured proteins, the
manner of assembly of the oligomer is critical for the
activation and inactivation mechanisms. Here, we
report the oligomer architecture of SpHsp16.0 from
Schizosaccharomyces pombe determined with X-
ray crystallography and small angle X-ray scattering.
Both results indicate that eight dimers of SpHsp16.0
form an elongated sphere with 422 symmetry. The
monomers show nonequivalence in the interaction
with neighboring monomers and conformations of
the N- and C-terminal regions. Variants for the
N-terminal phenylalanine residues indicate that the
oligomer formation ability is highly correlated with
chaperone activity. Structural and biophysical results
are discussed in terms of their possible relevance to
the activation mechanism of SpHsp16.0.
INTRODUCTION
Small heat shock proteins (sHsps) form a class of molecular
chaperones widely distributed in all domains of life (reviewed in
Haslbeck et al., 2005; Sun and MacRae, 2005; Basha et al.,
2012). The sHsps bind and stabilize proteins denatured by
heat or other stresses in order to prevent fatal aggregation.
sHsps commonly have a characteristic a-crystallin domain in
the central region of the amino acid sequences. The N- and
C-terminal regions are attached to the a-crystallin domain.
Monomers of sHsps form tight dimers for most sHsps, and
the dimers assemble into large oligomers made of 12–40 mono-
mers. Each sHsp has an oligomeric architecture that is unique to
its monodispersion in the resting state. Three oligomer struc-
tures of the monodisperse sHsps have been revealed by X-ray
crystallography so far. MjHsp16.5 from Methanocaldococcus220 Structure 21, 220–228, February 5, 2013 ª2013 Elsevier Ltd All rjannaschii (hyperthermophilic archaeon) (Kim et al., 1998)
and StHsp14.0 from Sulfolobus tokodaii (acidothermophilic
archaeon) (Hanazono et al., 2012) form spherical oligomers
with 432 symmetry consisting of 24 subunits. On the other
hand, TaHsp16.9 from Triticum aestivum (wheat) forms a
double-ring-shaped oligomer with 32 symmetry consisting of
12 subunits (van Montfort et al., 2001).
An sHsp with a molecular mass of 16 kDa (SpHsp16.0) was
discovered from a fission yeast, Schizosaccharomyces pombe.
The expression of SpHsp16.0 is induced by various stresses,
including heat shock. Depletion of deoxyribonucleotides and
DNA damage also induce expression of the protein via the
spc1 MAPK pathway (Taricani et al., 2001). Size exclusion chro-
matography (SEC) analyses indicated that SpHsp16.0 forms
a 16-meric structure at the physiological growth temperature
of 32C and up to 38C, whereas it completely dissociates
into dimers at 45C (Hirose et al., 2005). SpHsp16.0 dimers
interact with the respective denatured protein at a high temper-
ature (Hirose et al., 2005; Sugino et al., 2009). As for the architec-
ture, low resolution electron microscopy reveals that SpHsp16.0
assembles into an approximate sphere under the nonstress
condition and forms a larger complex with denatured proteins
(Hirose et al., 2005). However, the detailed architecture has not
been elucidated. Therefore, investigation of the oligomeric archi-
tecture is indispensable for further discussions.
Here, we report the structural studies for SpHsp16.0 in order
to reveal the oligomeric architecture as well as the functional
mechanism. In addition, the nonequivalence among the mono-
mers is discussed in the context of the functional aspects.
RESULTS
Oligomeric Transition
SpHsp16.0 exhibits no changes in the circular dichroism (CD)
spectra in the range from 25C to 50C (Figure 1A). However,
the spectrum at 55C shows slight but meaningful changes.
Most notably, the secondary structure content is slightly
reduced at 55C.
The temperature dependence of the oligomeric state of
SpHsp16.0 was investigated with small angle X-ray scattering
(SAXS). The I(0) values for all temperatures were almost identical.
This indicates that the large oligomeric state is maintained atights reserved
Figure 1. Oligomeric Properties of SpHsp16.0 in Solution
(A) CD spectra of SpHsp16.0 are shown as blue (at 25C), purple (at 50C) and red (at 55C) lines.
(B) SAXS profiles of SpHsp16.0 are shown as blue (at 25C), purple (at 50C), and red (at 55C) lines.
(C) Ultracentrifugal filtration assay of SpHsp16.0. The passed ratio in the filtration is plotted as a function of temperature in the range from 20C to 65C. SDswere
calculated for three independent measurements.
Structure
Structure of SpHsp16.0the high temperatures, whereas our previous SEC analyses sug-
gested that SpHsp16.0 completely dissociated into dimers at
high temperatures (Hirose et al., 2005). The Rg value at the
temperature of 25C was 40.8 A˚, whereas those at 50C and
55C were 45.2 A˚ and 48.2 A˚, respectively. A small bump
appears at Q = 0.1 A˚1 of the SAXS profile at the high tempera-
tures of 50C and 55C (Figure 1B), indicating some structural
rearrangement of the oligomer. The rearrangement takes place
prior to the secondary structural changes.
We performed an ultracentrifugal filtration assay in order to
additionally examine the oligomeric state of SpHsp16.0 at high
temperatures, because the SAXS and previous SEC analyses
gave apparently inconsistent results. The pass ratio reflects
the amount of small oligomeric states smaller than a trimer
(48 kDa) in the respective temperatures. However, dimers can
exclusively pass the filter because the dimer is building block
of the monodisperse sHsps. The ratio simply increases in the
temperature range from 20C to 65C. Only 4% of SpHsp16.0
passed even at 45C (Figure 1C). Therefore, this assay supports
the SAXS result in which most of large oligomers are retained
even at heat shock temperatures.
The Structure of SpHsp16.0
SpHsp16.0 was crystallized in the space group I222 with unit cell
dimensions of a = 78.3 A˚, b = 121.1 A˚, c = 122.6 A˚. The structure
was solved by themolecular replacement method, and refined at
a resolution of 2.4 A˚ (Table 1). Four chains were included in the
asymmetric unit (Figures S1 and S2 available online). Multicon-
formations were detected for eight residues. All residues could
be constructed for the chain B, whereas some N-terminal resi-
dues of other chains were invisible because of disorder.
Themonomer structure of SpHsp16.0 is almost identical to the
previously reported structures of other monodisperse sHsps
(Figure S3; Table S1) (Hanazono et al., 2012; Hilario et al.,
2011; Kim et al., 1998; Takeda et al., 2011; van Montfort et al.,
2001). It consists of three portions, the a-crystallin domain, and
the peripheral N- and C-terminal regions. The central a-crystallin
domain consists of seven (b2–b5 and b7–b9) strands with
a b sandwich-fold configuration (Figures 2A and 2B). Although
the a-crystallin domains of the four chains are well-superim-Structure 21, 22posed on each other, the domain-swapping region (residues
78–96) including the b6 strand and the N- and C-terminal regions
show significant deviations (Figure 2C).
Two monomers form a tight dimer in the same manner as for
the other monodisperse sHsps, in which the b6 strand interacts
with the b2 strand of the partner monomer (Figure 2D). The two
dimers in the asymmetric unit can be superimposed on each
other with the root mean-square deviations (rmsd) of 0.53 A˚ for
the a-crystallin domains (residues 37–77 and 97–130), whereas
the rmsd of the entire structure (residues 37–143) is 1.32 A˚.
The former value is comparable to the coordinate error of
0.59 A˚. Therefore, the monomer-monomer orientation of the
a-crystallin domains in the two dimers is almost identical. The
large rmsd value for the whole dimer is mainly due to the confor-
mational polymorphism of the N- and C-terminal regions. The
polymorphism at the N terminus has also been observed in other
sHsps, such as StHsp14.0 and TaHsp16.9 (Figure S3; Table S1).
There are four monomers in the asymmetric unit and 32mono-
mers, generated by crystal symmetry (I222 symmetry), in the unit
cell (Figure S1). Eight dimers in the unit cell form a 16-meric
structure and other eight dimers also form 16-meric structures
with molecules of the neighboring unit cells. The tetramer of
dimer associates with another tetramer of dimer in a back-to-
back manner (Figures 3A and 3B). Two dimers in the asymmetric
unit bear a relationship with neighboring dimers around the
4-fold axis. Therefore four dimers make a noncrystallographic
4-fold axis, related with a crystallographic 2-fold axis (Figure S1).
In addition, two monomers in a dimer are conformationally
nonequivalent because of the differences of the domain-swap-
ping region and the N- and C-terminal regions (Figures 2C and
2D). As a result, eight dimers of SpHsp16.0 form a prolate
spheroid-like particle with 422 symmetry in the crystal lattice
(Figures 3A and 3B). The dimensions of the oligomer are
120 A˚ 3 75 A˚ 3 75 A˚.
Solution Structure by SAXS
The low-resolution model of the oligomer of SpHsp16.0 in
solution was constructed from the SAXS data at 25C in order
to validate the crystallographic oligomer. The SAXS model was
like an oval sphere with a hole (Figures 3C and S4). This model0–228, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 221
Table 1. Crystallographic and Refinement Statistics
Crystal Data
Space group I222
Cell parameters
a (A˚) 78.3
b (A˚) 121.1
c (A˚) 122.6
Resolution range (A˚) 50–2.40 (2.49 – 2.40)
Reflections (total/unique) 118,660/22,653
Redundancy 5.3 (3.7)
Completeness (%) 97.8 (95.6)
I/s(I) 21.4 (2.1)
Rsym
a (%) 4.3 (25.4)
Refinement
Constructed residues for the chain
A 10–143
B 1–143
C 14–143
D 34–143
Water molecules 93
Total atoms 4,214
Rwork
b/Rfree
c (%) 24.6/28.6
Rmsd bonds (A˚)/angle () 0.005/1.0
Ramachandran plot (%)d 95.36/4.45/0.19
Values in parentheses refer to the highest resolution shell. Rmsd, root
mean-square deviation.
aRsym = ShklSij Ihkl,i  < Ihkl > j/ShklSi Ihkl,i.
bRwork = ShkljjFobsj  jFcalcjj/ShkljFobsj.
cRfree was calculated by using the 5% of the reflections that were not
included in the refinement as a test set.
dFavored/allowed/outliers.
Structure
Structure of SpHsp16.0waswell fitted into theelongated featureof the 16-meric structure
ofSpHsp16.0. Thehole in theSAXSmodel almost corresponds to
the region where the residues were not assigned in the crystallo-
graphic oligomer. To further validate the crystallographic olig-
omer, the SAXS profile was calculated from the crystal model
(Figure 3D). The calculated profile was very similar to the ob-
served profile. In particular, the small Q region of Q < 0.08 A˚1
was fitted well, indicating the size and the overall shape were
consistent. The shoulder at Q = 0.12 A˚1, however, was distinct
in the calculated profile. This difference would come from the
missing part of the N termini in the crystal model.
Comparison with Other Monodisperse sHsps
The oligomeric architecture of SpHsp16.0 is different from that of
other monodisperse sHsps, such as the 24-meric oligomers of
MjHsp16.5 and StHsp14.0 with 432 symmetry, and the 12-meric
oligomer of TaHsp16.9 with 32 symmetry (Figures 4A and 4B).
The 16-meric oligomer of SpHsp16.0 can be related with the
24-mer, if the four dimers lying on the equator are removed
and extended parallel to the 4-fold axis. The 16-mer of
SpHsp16.0 lost 3-fold axes and reduces the symmetry. The
dimers are asymmetric structures, unlike in the case of 432
symmetry. Therefore, eight dimers form the oligomeric architec-222 Structure 21, 220–228, February 5, 2013 ª2013 Elsevier Ltd All rturewith 422 symmetry (Figures 4A and 4B). Themost character-
istic feature is the nonequivalence between the twomonomers in
the same dimers. One monomer surrounds the 4-fold axis at the
pole of the prolate spheroid, whereas another monomer
surrounds a 2-fold axis at the equator of the prolate spheroid
(Figures 3A and 3B). Consequently, the interactions between
the a-crystallin domain and the neighboring dimers are quite
different for the polar and equatorial monomers.
Nonequivalence in the N Termini
The crystal structure of SpHsp16.0 contains four crystallograph-
ically independent chains. Because the N-terminal regions
showed weaker electron densities than the a-crystallin domains,
many residues in the N-terminal regions could not be con-
structed as listed in Table 1. However, the electron density of
the chain B was clearer than that of the other chains. Therefore,
all the residues could be constructed in the electron density
for the chain B (Figure 5A). Although the four N-terminal
regions in the asymmetric unit have a variety of conformations,
they can be categorized into two types. For chains positioned
at the equator of the 16-meric structure, residues 11–23
form the a1 helix. In addition, there are two short 310 helices
at both neighbors of a1. On the other hand, both of the polar
monomers around the 4-fold axis lack secondary structures
(Figures 2C and 5A).
The N-terminal residues are completely on the inside of
the sphere (Figure 5B). The N-terminal regions of the polar
monomers interact with the other three polar monomers. The
visualized portions of the N termini of the polar monomers
have no interactions with the equatorial monomers. The N
termini of the equatorial monomers interact with those in the
other hemisphere.
In the amino-acid sequence of SpHsp16.0, there are several
phenylalanine residues at the N-terminal region (Figure 2B).
The residues play a pivotal role in interactions with the mono-
mer’s N-terminal regions for all chains, as previously reported
for TaHsp16.9 (van Montfort et al., 2001). The phenylalanine
residues interact with other phenylalanine and arginine residues
by aromatic-aromatic and cation-p interactions, respectively
(Figure 5C). As a result of these interactions, Arg/Phe clusters
were found in the central region of the 16-meric structure.
Then, we constructed phenylalanine-to-alanine variants (F6A,
F7A, F9A, F17A, and F20A) in order to investigate the roles of
the residues. SEC analyses indicated that two variants (F6A
and F7A) were deficient in the oligomer formation at 35C,
whereas all the variants formed 16-mers (Figure 6A). For the
chaperone activity, F17A and F20A were comparable with the
wild-type (Figure 6B). In contrast, F6A, F7A, and F9A have only
negligible activities at the heat shock temperature of 45C.
The three phenylalanine residues (Phe6, Phe7, and Phe9) are
located at the nonhelical portion of the N terminus in the case
of the chain B (Figure 5A).
Nonequivalence in the C Termini
TheC-terminal region (residues 130–143) of SpHsp16.0 contains
a typical sequence of the I/V-X-I/V motif (Figure 2B). The two
isoleucine residues (Ile140 and Ile142) of a monomer associate
with the binding cleft between b4 and b8 strands in a manner
similar to that of the isoleucine residue-binding cleft associationights reserved
Figure 2. Crystal Structure of SpHsp16.0
(A) The monomer structure of SpHsp16.0 is shown as a ribbon model, in which helices and strands are colored red and green, respectively. The strands (b2–b9)
are notated based on the structure of MjHsp16.5.
(B) Sequence alignment of sHsps. The trivial names, the UniProt identifiers and the Protein Data Bank (PDB) codes are as follows: SpHsp16.0 (Schizo-
saccharomyces pombe, O14368 and 3W1Z), SpHsp15.8 (Schizosaccharomyces pombe, O74984), TaHsp16.9 (Triticum aestivum, Q41560 and 1GME), and
MjHsp16.5 (Methanocaldococcus jannaschii, Q57733 and 1SHS). The positions of helices and strands of SpHsp16.0 are indicated as cylinders and arrows,
respectively. The secondary structures were defined from chain B of SpHsp16.0.
(C) Structural divergence. Four monomers in the asymmetric unit are superimposed. The A, B, C, and D chains are colored red, green, blue, and orange,
respectively.
(D) The dimer structure of SpHsp16.0 is shown as ribbon model. The A and B chains are colored red and green, respectively.
Structure
Structure of SpHsp16.0of other sHsps (Hanazono et al., 2012; Kim et al., 1998; van
Montfort et al., 2001) (Figure S5). However, nonequivalence
is also observed in the conformation of the C termini. The
C termini of the polar monomers interact with the cleft of
other polar monomers around the 4-fold axis (Figure 7A). On
the other hand, the C termini of the equatorial monomers
interact with the cleft of the equatorial monomers of another
hemisphere (Figure 7B). Lys130 at the first residue of the
C-terminal region forms ionic interaction with Glu43 (Figure 7C).
These residues are highly conserved among sHsps (Fig-
ure 2B). The conformational change is achieved dominantly byStructure 21, 22rotations of the main chain bonds of Val131 and Glu132 just after
Lys130 (Figure 7C).
DISCUSSION
Both the crystal and SAXS structures exhibit an elongated
feature for the oligomer of SpHsp16.0. In the 16-meric oligomer,
themonomers can be grouped into two types, polar and equato-
rial. There are obvious differences between these types in terms
of their interactions with neighboring monomers and the confor-
mations of their N- andC-terminal regions. Such nonequivalence0–228, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 223
Figure 3. Oligomer Structure of SpHsp16.0
(A) Left: the 16-meric structure is shown as surface models, in which only four crystallographically independent monomers are colored. The polar monomers at
the pole of the oligomer are colored red (chain A) and orange (chain D), whereas the equatorial monomers at the equator are colored green (chain B) and blue
(chain C), respectively. Right: an octahedron of 16-meric structure with symmetry signs. Each solid line represents the location of one dimer.
(B) Left: the perpendicular view of (A) viewed parallel with the 4-fold axis. Right: an octahedron oriented in the same way.
(C) The SAXS envelopes calculated with 422 symmetrical constraints are shown as bluemeshes. The 16-mer of SpHsp16.0 is superimposed and shown as a CPK
model. The SAXS envelopes calculated without symmetrical constraints are shown in Figure S3.
(D) The scattering profile is plotted as a function of scattering vector Q in red. The calculated curve from the crystal structure is overlaid in green.
See also Figures S1, S2, and S4.
Structure
Structure of SpHsp16.0among monomers has not been observed in the previously
reported 24-meric structures of sHsps, MjHsp16.5, and
StHsp14.0, in which all monomers are essentially equivalent,
although some trivial differences were observed in those cases
(Kim et al., 1998; Hanazono et al., 2012). For 12-meric
TaHsp16.9 with 32 symmetry, on the other hand, the monomers
are categorized into two types (van Montfort et al., 2001). The
conformations of the N- and C-terminal regions are also different
in this case. However, the interactions of the a-crystallin
domainswith the neighboringmonomers are different from those
in the case of SpHsp16.0 (Figure 4A).
Thermophilic sHsps such as StHsp14.0 and MjHsp16.5 are
monodisperse with high symmetry, in which all monomers are
symmetrically equivalent. On the other hand, crystallins, a kind
of sHsps, are intrinsically polydisperse with respect to the
molecular size of the oligomer even under nonstress conditions.
The dimeric mode of polydisperse crystallin is distinct from that
of monodisperse sHsps (Bagne´ris et al., 2009; Laganowsky
et al., 2010; Jehle et al., 2010). Consequently, the N-terminal
region, a possible binding site for the substrate, is accessible224 Structure 21, 220–228, February 5, 2013 ª2013 Elsevier Ltd All rto the solvent (Jehle et al., 2010, 2011). This may be involved
in the mechanism by which the chaperone functions even
at the physiological temperature. As for the monodisperse
sHsps of eukaryotes such as SpHsp16.0 and TaHsp16.9, the
monomers are not completely equivalent whereas the dimeric
mode is same as in thermophilic sHsps. Therefore, the equiva-
lence among monomers of eukaryotic sHsps is intermediate
between thermophilic sHsps and crystallins. It seems that the
equivalence is highly correlated with the activation barrier of
the respective types.
For some sHsps, it has been reported that the N- and
C-terminal regions have impact on the oligomer structure
(McHaourab et al., 2012; Shi et al., 2006). Therefore, the oligomer
structures of sHsps are not defined by the interaction between
a-crystallin domains. In general, identical monomers tend to
be symmetric in the oligomeric assemblies of proteins by the
entropic effects. In the case of SpHsp16.0, interactions at
the N termini may result in nonequivalence of the monomers of
the oligomer. However, the respective aromatic-aromatic and
cation-p interactions are not particularly strong because ofights reserved
Figure 4. Comparison with Other Monodisperse sHsps
(A) Oligomeric structures of SpHsp16.0, TaHsp16.9, MjHsp16.5 and StHsp14.0.
(B) Geometric diagrams with symmetry signs. Each solid line represents the location of one dimer.
See also Figures S3 and S5 and Table S1.
Structure
Structure of SpHsp16.0rigidity and can easily be dissociated at high temperature, unlike
the hydrophobic interactions of flexible residues. Therefore, the
Arg/Phe cluster found at the center of the SpHsp16.0 oligomer is
appropriate for the heat sensing.Figure 5. The N-Terminal Region of SpHsp16.0
(A) A composite omit map around the N-terminal region is shown as a graymesh a
phenylalanine residues (Phe6, Phe7, Phe9, Phe17, and Phe20) are labeled and c
(B) The inside view of the SpHsp16.0 oligomer.
(C) The Arg/Phe cluster is formed in the inside of the oligomer.
Structure 21, 22In conclusion, nonequivalence may play a role in the regula-
tion of activation. The structure at the heat shock temper-
ature is distinct from that of the resting oligomer at room temper-
ature, as shown by SAXS. The activated structure may be moret a contour level of 1.0 s. Themodel is represented as a stickmodel in which five
olored magenta.
0–228, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 225
Figure 6. Mutational Effects for Phenylalanine Residues in the N-Terminal Region
(A) Elusion profiles of the size exclusion chromatography at 25C, 35C, and 45Cwere plotted for the wild-type and five variants (F6A, F7A, F9A, F17A, and F20A)
of SpHsp16.0.
(B) The chaperone activity for the wild-type and variants was monitored as the time course of the light scattering.
Structure
Structure of SpHsp16.0asymmetric and polydisperse than those at the ordinal
temperatures.
EXPERIMENTAL PROCEDURES
Preparation of Protein Samples
The wild-type SpHsp16.0 of Schizosaccharomyces pombe was expressed in
Escherichia coli BL21(DE3) and successively purified with a DEAE-Toyopearl
column (Tosoh), a UnoQ6 column (Bio-Rad), and a Superdex 200 column
(GE Healthcare) as described previously (Hirose et al., 2005). The plasmids
of variants (F6A, F7A, F9A, F17A, and F20A) were constructed using a Quik-
Change Site-directed Mutagenesis Kit (Stratagene) from the plasmid for
wild-type SpHsp16.0 (pSpHsp16.0E), and expressed and purified in the
same way as the wild-type protein.
CD Spectroscopy
CD spectra of SpHsp16.0 (0.1 mg/ml) in 5 mM potassium phosphate buffer
(pH 7.5) were measured using a J-805 CD spectropolarimeter (Jasco, Tokyo,
Japan) in a range from 190 to 250 nm with a 1 mm quartz cuvette. The
secondary structure content was analyzed with the JWSSE-408 program
(Jasco) using a reference data set (Reed and Reed, 1997).
SAXS Analysis
SAXS data of SpHsp16.0 (4.0 mg/ml) were collected at BL40B2 of SPring-8
(Harima, Japan) (Inoue et al., 2004). Scattering profiles were collected by an
R-axis VII imaging plate detector system (Rigaku, Tokyo, Japan). The wave-
length of X-rays and camera length were set to be 1.000 A˚ and 2,133 mm,
respectively. The data collection times were 60 s. Subtraction of buffer
scattering and circular averaging resulted in scattering curves, I(Q), where
Q = 4psinq/l, 2q is the scattering angle, and l is the wavelength of theFigure 7. The C-Terminal Region of SpHsp16.0
(A) An omit map for the C-terminal regions of polar monomers is shown as red a
(B) An omit map for the C-terminal regions of equatorial monomers is shown as
(C) Structural divergence of the C-terminal region.
226 Structure 21, 220–228, February 5, 2013 ª2013 Elsevier Ltd All rX-ray. The innermost portion of I(Q) was fitted under a Guinier approximation
(Guinier and Fournet, 1955) to the equation I(Q) = I(0)exp[Rg2Q2/3], where
I(0) and Rg are the forward scattering intensity (Q = 0) and the radius of gyra-
tion, respectively. The low-resolution model was calculated with the GASBOR
program (Svergun et al., 2001) with 422 symmetrical constraints and without
any symmetrical constraints. Ten independent models were averaged by
DAMAVER (Volkov and Svergun, 2003). The calculated SAXS profile of the
crystal model was computed with the CRYSOL program (Svergun et al., 1995).
Ultracentrifugal Filtration Assay
One hundred microliters of protein solutions (0.5 mg/ml) and several steal
beads with a diameter of 1.0 mm were incubated at 20C–65C in 5C incre-
ments. The steal beads helped to maintain the temperature during the subse-
quent centrifuge step. The solutions were filtered using ultra-centrifugal filters
with a molecular weight cutoff of 50 kDa (Amicon) by centrifugation at
10,000 rpm for 5 min. The UV spectra of the filtered solutions were measured
with a V-630 spectrometer (Jasco).
Size Exclusion Chromatography
Size exclusion chromatography was performed with a SB-804HQ column
(Showa Denko), using a PU-1580i HPLC system, connected with a MD1515
multi-wavelength detector (JASCO). A 100-ml aliquot of 0.06mg/ml SpHsp16.0
variants was incubated at the specified temperature for 60 min and then
loaded on the column, which was heated at the same temperature. Elution
was performed with a buffer (50 mM Tris-HCl, pH6.8, 150 mM NaCl, and
1 mM DTT) at a flow rate of 0.5 ml/min.
Thermal Aggregation Measurements
The thermal aggregation of citrate synthase (CS) from porcine hearts was
monitored by measuring the light scattering at 500 nm with a FP-6500nd orange meshes at a contour level of 1.0 s.
green and blue meshes at a contour level of 1.0 s.
ights reserved
Structure
Structure of SpHsp16.0spectrofluorometer (Jasco) at 45C. Native CS (7.2 mg/ml) was incubated in the
assay buffer (50 mM Tris-HCl, pH 8.0) with or without SpHsp16.0 variants
(4.8 mg/ml). The molar ratio of CS (monomer) and SpHsp16.0 (monomer)
was 1:2. The assay buffer was preincubated at 45C and continuously stirred
throughout the measurement.
Crystallographic Analysis
Crystals of SpHsp16.0 were obtained in a solution which was a 1:1 mixture
of protein solution (10 mg/ml protein in 10 mM Tris-HCl, pH 7.0) and
reservoir solution (15% [v/v] PEGMME550, 100 mM sodium chloride and
100 mM Bicine buffer, pH 9.0). Diffraction data were collected at BL41XU
of SPring-8 (Harima, Japan) at 173C. Processing and scaling of the
diffraction data sets is routinely done by the HKL2000 software package
(Otwinowski and Minor, 1997). The structure was solved by the molecular
replacement method with the MOLREP program (Vagin and Teplyakov,
1997) in the CCP4 software suite (Collaborative Computational Project,
Number 4, 1994). The polyalanine model of the a-crystallin domain (residues
45–135) dimer of TaHsp16.9 (van Montfort et al., 2001) was used as a search
model. The ARP/wARP program (Perrakis et al., 1999) was employed for
the autotracing. The output structure was manually improved with the
COOT program (Emsley and Cowtan, 2004). The structure was refined using
the CNS (Bru¨nger et al., 1998) and PHENIX (Adams et al., 2002) programs.
The Rwork and Rfree factors of the final model were 24.6% and 28.6%, respec-
tively. The refined structure was validated with the MolProbity program
(Chen et al., 2010). The crystallographic and refinement statistics are listed
in Table 1. The coordinates error is estimated with the diffraction precision
index (DPI) value of the crystallographic analysis (Cruickshank, 1999). The
superimpositions were performed with the LSQKAB program (Kabsch, 1976)
in the CCP4 software suite (Collaborative Computational Project, Number 4,
1994). All figures for the molecular models were prepared using the PyMOL
program (DeLano, 2002).
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